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Introduction
In the reactive magnetron sputter deposition of oxide thin-films, when metal targets (M) are sputtered in oxygen-argon gas mixtures or ceramic targets are sputtered in pure argon, copious MO ) can be created at the target [1] . These ions are accelerated through the cathode sheath to bombard the substrate with highest energies equivalent to the target potential, that is, many 100's of eV [2, 3] . They easily overcome the negative substrate bias potentials used to attract positive ions and can be potentially destructive in the growth of engineering quality films. Mass spectrometric studies have shown that the dominant ion is O − [4] and their production increases as the secondary electron emission coefficient of the target material increases [5] . Interestingly, it has been shown that the magnetic field configuration of the magnetron has a strong influence on the spatial distribution of these fast negative ions [6] .
In many reactive magnetron diagnostic studies, negative oxygen ions are usually detected by energy-resolved mass spectrometry. Although this technique is very powerful in revealing to high precision the energies of the ions and hence information on their creation, without painstaking calibration, using pure ion sources, it only really provides a qualitative picture of the relative fluxes of species arriving at a boundary. Studies to date have shown the dominant ion is O -with energy distribution functions consisting of three main peaks [3] . These components are at high, medium and low energy. From the measured negative ion energy distributions and based on calculations Mráz S and Schneider [2] have proposed a number of possible mechanisms for their formation. The high energy ions, with energies up to the equivalent of the target potential are generated by desorption of O − or O at the target followed by electron attachment and accelerated over the cathode fall. Medium energy ions, with a large fraction or integer fraction of the of the target potential are generated either by the sputtering of The detected low-energy negative ions (in the few eV range) are those that have lost most of their energy by suffering many collisions en route. However, there is a very large component of cold negative ions with temperatures significantly less than the electron temperature (and not much above the gas temperature i.e. < 1 eV) which are not detected by the mass spectrometer, since they cannot overcome the sheath potential barrier between the plasma and the sampling orifice to enter the instrument. In low pressure DC plasma systems, including the magnetron, where the electron temperatures are above 3 or 4 eV these negative ions will be formed by dissociative electron attachment of the ground state oxygen molecule O 2 (X 3 g ) [7] , providing negative ion densities typically less than the electron density. In pulsed plasmas, particularly in the off-time when the electrons cool, O -can be created in high concentrations, it is believed, by the dissociative electron attachment of the highly electronically excited metastable oxygen ) , , ( [8] . In the afterglow, as the sheath barrier between the mass spectrometer and the plasma collapses, these ions may enter the instrument and be detected.
Recently, the negative ion (O -) density has been measured in reactive magnetron sputtering plasmas. This was done using a Langmuir probe in both DC balanced and unbalanced magnetron configurations [9] and by Langmuir probe-assisted laser photo-detachment in a DC [10] and bipolar-pulsed magnetron [11] . It was found in the driven phase, the degree of electronegativity, i.e.
= n -/n e varies from about 0.1 -0.6, increasing with oxygen partial pressure, decreasing with applied power and degree of magnetic unbalance. In [11] it was shown that the energetic negative ions created at the target make up approximately 10 % of the total negative ion concentration with the remaining 90 % (of low or thermal energy) created in the plasma bulk. Despite the restricted short off-time of 5 µs used in [11] , there was some evidence that O -densities do start to rise in the off-time. In this work we investigate further this phenomenon using a specially engineered pulse power supply that allows much long off-times and therefore the possibility to observe the long-term evolution of the O -density in the afterglow.
The presence of negative ions is important if not crucial in many reactive sputter applications, with energetic species arriving at the growing film potentially leading to detrimental effects such as ioninduced damage [12, 13, 14] , and the reduction in crystallinity [15] and resistivity [16] of functional films. Since a sizable fraction of the negative ions carry considerable energy and momentum it has been calculated that the energy flux to a substrate from the negative ions in the driven phase of the discharge can be significantly higher than that from the positive ions [11] . The larger fraction of low-energy (or thermal) negative ions created in the plasma bulk although not able to reach the substrate can alter the properties of the entire discharge, including the boundary sheaths [17] , affecting the process and deposition characteristics.
Although the quantitative studies of the O -density in the magnetron using photodetachment [10, 11] have been useful, the power delivery modes used, namely DC and 100 kHz DC bi-polar pulsing have not allowed the study of the long term-evolution of the negative ions, for instance in an extended afterglow. Not only this, the presence of fast transients of high amplitude in the voltage waveforms between on-to-off and off-to-on phases of the bi-polar DC pulse [11] prevented good Langmuir probe data to be collected for large fractions of the pulse period (~4 µs out of the total 10 µs). Here, we investigate the negative ion dynamics in a uni-polar pulsed magnetron system, with reduced voltage transients and ringing and with long off-times up to 950 µs.
Experimental arrangement

The magnetron sputtering and photodetachment systems
The experimental set up is shown in figure 1 . A detailed description of the vacuum and diagnostic systems can be found in reference [10] . The magnetron, fitted with a 150 mm diameter titanium target, was operated using a in-house built pulse chopper unit driven by the DC output from an limited by the capability of the chopper circuit. These powers are somewhat lower than those used in most sputtering applications, however, the experimental approach and reaction chemistry considered here will be transferable to studies with higher power magnetron plasmas, even if higher powers yield very different negative ion densities. The total working pressure was set at 1.33 Pa (10 mtorr) using a Baratron pressure gauge and a feedback control unit. The oxygen partial pressures was regulated to be either 10 or 50 % of the overall total pressure, and we denote these settings in the text as P O2 /P O2+Ar = 0.1 and 0.5 respectively. The O 2 partial pressure was determined in the presence of the plasma. A delay pulse generator, (Stanford DG535), was used to control the timing and synchronisation of both the Langmuir probe and laser system.
The laser system chosen to perform the Langmuir probe-assisted photodetachment was a pulsed Qswitched Nd: YAG laser (Quantel Brilliant B) operating at a wavelength of 532 nm with pulse widths of 6 to 8 ns. The laser beam diameter was fixed at 4 mm and the laser energy set to provide an energy density of 240 mJ cm -2 . A blocking wire (see figure 1 ) was used outside the chamber to create a shadow on the probe. This technique helps reduce significantly any ablation of insulating material deposited on the probe and therefore the generation of spurious probe signals [18] . During the photodetachment experiments a variable DC power supply in series with a resistor was used to electrically bias the probe.
To faithfully transform the detected photo-electron current to a voltage signal and remove the DC background with minimal distortion a capacitor and two resistors where used to form a high-pass filter circuit as described in [10] . PSPICE simulations and bench tests show the circuit to have a -3 dB lower frequency cut-off at 30 Hz and a (10% attenuation) high-frequency cut-off at 15.8 MHz.
The detachment fraction ( − − ∆ n n / ) of the bulk negative ions of density (n -) is dependent on the incident photon energy density and the photodetachment cross-section ( pd σ ). For single species photodetachment this is given by [19] 
Where E is the incident laser energy and S is the beam cross-sectional area. The photodetachment cross-sections for O -is 6.5 × 10 -18 cm 2 at 532 nm [10] .
The Langmuir probe used to collect both the photodetachment electron current and the native background electron current was situated on the discharge centre line 75 mm from the target with its length perpendicular to the normal of the target (see figure 2) . The magnetic field configuration of the magnetron is a typical type II unbalanced geometry, with the outer magnetic poles being stronger than the inner pole, producing field lines that funnel into the centre as shown in figure 2 . The magnetic field strength at the probe position was ∼20 Gauss. For this field strength, low temperature electrons (kT e < 0.1 eV) will be magnetised (their Larmour radii < probe radius) with their collection at the probe being reduced. This may be important for the photo-electrons. However, since the photodetached electrons have initial energies of 0.74 eV (the photon energy minus the electron affinity [19] ) and are substantially thermalized (acquire the same temperature as the background electrons) on the timescale of their collection [10] the ratio of the photodetached-to-background electron currents will not vary with magnetic field. It is this ratio that is used to determine the negative ion-to-electron density ratio .
At an optimal probe bias V b-opt the photodetached electron current I pd and background electron current I e can be used to determine the negative ion density n -using the equation n -= n e ( I pd /I e ),
where n e is the electron density obtained from the Langmuir probe characteristic. The optimum probe bias V b-opt is chosen to be that corresponding to the maximum in the calculated ratio I pd (V b )/I e (V b ) plotted against probe bias V b as described in [10] . To obtain n e from the probe data we used the equation partial pressure have the same form. We define t = 0 as the beginning of the on-time. For large duty cycles e.g. 50%, the initial voltage, current and power waveforms are characterised by a spike and a local minimum at times t < 1 µs after pulse initiation, while for short duty cycles, e.g. 5 %, V d has a spike at greater times, i.e. t~5 µs, however there is no minimum in the waveforms and I d and P d rise monotonically. To avoid any spurious values in the measured plasma parameters no Langmuir probe measurements were made during the initial transient phases up to t = 10 µs. The estimated error in the probe measurements is ± 20 % for n e and ± 20 % for T e with the error in being ± 16% [10] .The associated error in calculated values of n -is ± 30 %.
The photodetachment and Langmuir probe results
Figures 4, 5, 6 and 7 show the time-evolution of the measured values of n e , T e (in eV), n -and (= n -/n e ) for the four different chosen duty cycles with P O2 /P O2+Ar = 0.1. Figures 8, 9 , 10 and 11 show the same for P O2 /P O2+Ar = 0.5. No photodetachment-probe measurements were made during the transient phase between plasma off-and-on phases at t = 0 µs since the plasma potential V p has a large positive spike (up to +10 V) persisting for a few µs in this period and probe measurements become unreliable. This rapid increase in V p over normal values close to ground potential will reduce fast electron loss from the discharge so preserving quasi-neutrality. In figures 4 and 8 the dependency of n e on instantaneous discharge power is also shown.
The electron density, n e
In figures 4 and 8 we see from both the on and off-times a consistent picture of the discharge dynamics, in which the electron density evolves independently of the duty cycle, that is, the different initial and final values of n e at the beginning and end of the pulse for different off-times do not influence the on-time rise rates in n e . In the off-time, the characterise the decay time in electron density at different stages of the afterglow has been determined from a plot of Ln(n e ) against time (not shown). This reveals in all cases considered a two-fold decay, with an initial and final decay.
For instance, at P O2 /P O2+Ar = 0.1 and 5 % duty cycle, the characteristic time for the initial decay in n e is 40 µs, lengthening to 244 µs for times greater than 50 µs into the afterglow. These times vary only marginally with duty cycle. For P O2 /P O2+Ar = 0.5 the n e profiles show initial and long-term characteristic decay times of 11 µs and 108 µs somewhat quicker than the P O2 /P O2+Ar = 0.1 case. The general forms of the electron density profiles are consistent with a global model of a pulsed plasma system (in oxygen) [20] . In both O 2 partial pressure cases, in the driven phase of the discharge the electron density increases linearly with the instantaneous discharge power (P), for all the duty cycles, (see the inserts in figures 4 and 8).This dependency we may expect since the discharge power P ∝ n e [20] .
The electron temperature, T e
Consistent with the electron density profiles, the time evolution of T e seems to be independent of the pulse history with all profiles following the same trend line, however with the starting value of T e depending on the final value from the previous pulse (see figures 5 and 9). For P O2 /P O2+Ar = 0.1, an initial peak in T e is observed at start of the on-time as predicted in [20] , however this is not observed at the higher O 2 concentration. T e remains flat in the on-time, but shows a very fast drop at the beginning of pulse off, with initial characteristic decay times of~6 µs for P O2 /P O2+Ar = 0.1 and 4 µs for P O2 /P O2+Ar = 0.5. Further into the afterglow, up to 200 µs, these times lengthen to about 120 and 37 µs respectively. It does appear that the higher the O 2 content in the discharge the faster the loss in both electron density and energy in the afterglow. For times > 200 µs (for the small duty cycle cases) the electron temperature does not continue to decrease but actually appears to rise slowly reaching 0.75 and 1 eV after 980 µs in the two oxygen partial pressure cases respectively.
This effect has been mentioned in relation to other electronegative oxygen discharges [21] .
Although it is possible that superelastic collisions between electrons and highly excited O 2 or Ar metastables could be responsible for this re-heating in the afterglow, we cannot rule out that error in obtaining T e from the probe characteristic when T e is small may give the impression the temperature is rising.
The O -density, n -
From figures 6 and 10 we see that n -is highly modulated by the pulse, with the temporal evolution of n -influenced by the off-time duration (the duty cycle) unlike n e and T e . In the plasma on-time for which increase for shorter off-times (increased duty). The highest n -value is 2.8 x 10 15 m -3 at 50 % duty. For the longest off-time we can see that n -reaches a turning point (peak) 450 µs into the afterglow after which it decays with a characteristic time of~300 µs. For P O2 /P O2+Ar = 0.5 the highest values of n -are up to about 30% higher than for P O2 /P O2+Ar = 0.1, with generally similar trends in time, except that the rate of rise of n -in the off-time is greater with larger O 2 content. The long term decay times of n -is~200 µs, and we observe distinct maxima in n -in the afterglow for all duty cycle cases.
Electronegativity,
The plotted values of in figure 7 and 11 reflect the dynamics of n -and n e throughout the pulse cycle. For both O 2 partial pressures cases is less than unit in the plasma on-time (i.e. the plasma is weakly electronegative). We observe in all cases except for 5% duty at P O2 /P O2+Ar = 0.1 initially falls in the on-time as the destruction rate of negative ions increases and n e increases as the discharge power is built-up. After the transition from on-to-off phases there is an approximately linear (and rapid) rise in for all duty cycles, at rates of d /dt~10 4 s -1 for P O2 /P O2+Ar = 0.1 and d /dt = 1.5 x10 4 s -1 for P O2 /P O2+Ar = 0.5, with the rate of growth of being independent of the off-time duration. In the case of 5 % duty, reaches values of 4.6 and 14.4 for P O2 /P O2+Ar = 0.1 and 0.5 respectively, so the afterglow plasma can be considered strongly electronegative.
Langmuir probe study of the extended off-phase
In the long afterglow the plasma becomes sufficiently electronegative that can be determined from the Langmuir probe characteristics. This is achieved through determining the ratio of the electron and ion saturation currents, I -/ I i . Figure 12 shows a set of Langmuir probe characteristics for different times during the pulse period with a 5 % duty cycle and P O2 /P O2+Ar = 0.5. In the afterglow with >1 the curves become more symmetric (around the floating potential) as the collected electron current falls in relation to the ion current. At 980 µs, the ratio of electron-to-ion saturation current actually falls below unity. To use probe theory it is necessary to know how the ion saturation current varies with increased plasma electronegativity. Given a value of , T e and T -a theoretical ion current I i can be determined from a modified form of the Bohm criterion in the presence of negative ions, using a number of models. Using spherical probe geometry a relationship between and I -/ I + been determined for different ratios of electron to negative ion temperature = T e /T - [17] and used to predict values in [22] . These predictions are also valid for infinitely long cylindrical probes. In figure 13 we plot the theoretical current ratio I -/ I + normalized by the ratio in the total absence of negative ions as a function of assuming = 5, which is realistic for our case (since we assume T -~Tgas = 300-800 K [23, 24] ). In figure 13 we also plot the same relationship for the current ratio derived from planar fluid theory [25] for >1 where n eo is the remote electron density and C s = (kT e /M + ) is the ion acoustic speed in the absence of negative ions and M + the average ion mass. These solutions converge well at ~2. As we can see from figure 13 the normalized solution for the particle and fluid models are in almost exact agreement and we can use either of them to determine for our measured ion and electron saturation currents. Figure 14 shows the predictions for from probe theory and those values determined from the photodetachment study. We chose the particular cases of the 5 % duty cycle and P O2 /P O2+Ar = 0.1 and 0.5. From the plot we see that the calculated value of are in general higher than the photodetached measurements (in some cases by an order of magnitude), with the best fit occurring when we assume the negative ion temperature is close to the electron temperature (i.e. = 1 as used in [9] ). We assign an error in the Langmuir probe determination of as ± 50 % (following [22] ).
Since we expect the bulk of the negative ions to be cool (< 0.1 eV), it may indicate that there is an over estimate in the electron temperature from the probe curves, particularly in the afterglow. The large calculated values of are a manifestation of the electron-to-ion current ratios in the probe characteristics being smaller than expected. However, any effect from the B-field which may reduce the electron current can be neglected since the currents are normalized to the case with no oxygen present. Although the two methods of determining only agree to within a factor 10 in the worst cases (and from < 2 to 5 in the best cases in the long afterglow), there is a strong correlation (trend line) which does show the applicability of using Langmuir probes to at least indicate the presence of negative ions when they are in high concentrations and also to produce a rough estimate of the value of , as already demonstrated in [9] and [22] .
Discussion
In the on-phase of the discharge O -will be created largely through dissociative electron attachment This reaction channel has a rate coefficient (k at M (T e )) which increases markedly with deceasing T e , reaching~10 -9 cm 3 s -1 for kT e < 0.5 eV [8] .
Although we do not have any direct evidence from this study for the existence of Since the temporal profiles of T e and n e are essentially independent of the off-time duration, but nis highly modulated by it we argue that there must be different levels of the magnetron discharge at low pressure can come through a number of routes. These have already been stated with their associated rate coefficients for other similar pulsed plasmas. Using the same nomenclature as in [27] since it has been shown that Ti atoms can reside in the afterglow at positions a few cm's from the target for times up to milliseconds [29] .
So we argue that shorter off-times lead to higher [26] A rate balance equation can be written Assuming τ AD is long, a calculation of the effective decay time using average plasma and operating parameters gives − O τ~390 µs and~234 µs for P O2 /P O2+Ar = 0.1 and 0.5 respectively. These rates are roughly in line with the measured long-term n -decay rates, and predict that the decay rates shortens with increased O 2 content as experimentally observed.
In reference [8] , it was shown through modelling that the O -densities are particularly sensitive to discharge power with n -reducing by a factor of 4 on average over the pulse cycle as the power was increased from 150 to 500 W. This was attributed to more dissociation of O 2 as the electron density increasing so reducing the M O 2 concentration. We expect a similar scaling in the magnetron discharge, and future studies will investigate high powers more consistent with industrial sputterdeposition applications.
Conclusions
Using laser photodetachment and Langmuir probing the O -density in a low-power pulsed DC magnetron with a titanium target has been determined as a function of time during the pulse period µs, and the off-time t = 55, 200, 500, 850, 980 µs) split into electron and ion saturation current parts for the case of 5 % duty cycle and P O2 /P O2+Ar = 0.5. Figure 13 . The plot of the theoretical normalised electron-to-ion saturation current ratio versus the negative ion-to-electron density ratio, taken from a particle model in spherical geometry [17] and a fluid model in planar geometry [25] , with = T e /T -= 5. The solution for = 1, which requires no modification of the Bohm criterion and is valid in either model is also plotted. Figure 14 
